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Post-calibration correction for rotating-analyzer ellipsometer

with optical fiber bundle detection system

Sang Youl Kim, Lycourgos Spanos, and Eugene A. Irene

Department of Chemistry, The University of North Carolina

Chapel Hill, North Carolina 27599-3290

Spectroscopic ellipsometry with a rotating-analyzer operated

without a dark room is examined. The effect of the residual linear

polarization at the output of an optical fiber bundle upon the

ellipsometric constants is critically analyzed. The fraction of the

linear polarization and the rotation angle of the polarization axis

inside the optical fiber are the two key elements of the post-

calibration correction. The spectral dependence of the calibration

constants is corrected.

Introduction

Spectroscopic ellipsometry (SE) has been widely used for

surface and thin film analyses. t 11 31 A rotating-analyzer (RA) type SE

system is popular because of its simplicity in design.14,5 3 Many RA

type SE systems have the same basic configuration: a white light

source - monochromator - fixed polarizer - sample - rotating

analyzer - light detection system. Some SE systems have slightly

modified configuration such as, white light source - rotating

polarizer (RP) - sample - fixed analyzer - monochromator - and
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photo-detection system[61 and is called an RP type SE system. The

compensator is not always used because of calibration difficulties

over a spectral range. No commercial achromatic compensator is

presently available. RP and RA type SE systems are in principle

identical in operation, wavelength scan range, accuracy in data,

data collection speed, and in many other aspects. But in practice,

these SE systems have both strong and weak points. Both are

photometric, and as such have inherent weaknesses in measuring the

linearly polarized light. The RA type SE system is ideally operated

in a dark room or at least special precautions need to be taken to

block the collection of stray light. Also for the RA type SE

system, the background noise treatment is one of the most important

considerations in the calibration procedure. The RP type SE, on the

other hand, can be operated without special precautions in room

light, but the inherent partial polarization of the light source

needs to be optically removed or corrected for (possibly in

software) before the rotating polarizer. One way to accomplish this

is to use a fixed polarizer in between the light source and the

rotating polarizer. E" This solution has the disadvantage of adding

one more optical element into the system and thus increasing the

inherent complexity of an otherwise simple SE system. The

procedures associated with optical alignment, calibration, sample

alignment, and the data collection are all affected. Another

possible configration is to use the RA system but with an optical

fiber bundle in the photo-detection system placed between the

rotating analyzer and the monochromator, yielding the
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configuration: white light source - fixed polarizer - sample -

rotating analyzer - optical fiber - monochromator - photo-detection

system. The multimode optical fiber will depolarize linear

polarized incident light. This configuration can be used in room

light, and the inherent polarization of the light source is not

important. The negligibly small contribution from the room light

can be measured and substracted from the signal level. The present

work deals with characterizing the depolarizing action of the fiber

bundle. If the depolarization is incomplete, there will be a

leakage of the linearly polarized light and the effect on the

ellipsometric constants has been analyzed. The detection of this

leaky linear polarization and the procedure to make corrections to

the measured ellipsometric constants is presented.

RA Type SE System With An Optical Fiber Bundle

The RA SE system considered is shown schematically in Figure

(1). As mentioned above, the optical fiber bundle is located

between the rotating analyzer and the monochromator. Assuming that

the depolarizing action of the optical fiber is complete, that is,

that the light emerging from the optical fiber is randomly

polarized, the electric field, E, impinging upon the

photomultiplier tube in terms of Jones vectors is given as:
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= E ý[101 [ cooA si 1 [rp 01 oS .- sinP] [1
10 0O 1-sinA cosAJ 0 rj inP cosP j (1 )

= Eo. [sj[ rpcosAcosP + r sinAsinP]

where A and P are the analyzer and the polarizer angles, rp and r.

are the Fresnel reflection coefficients of the p and s waves,

respectively. Since the intensity of light is given by EE,*+EYEY*,

the intensity of the light can be written as follows:

4,= '[I + tan 2* -tan2P cos2A + 2tanPcosAtanr sin2A] (2)tan21[ +tan 2p tan21# +tan 2p I

where it is accepted that rp = r. tan4, exp(iA) . An RA type SE system

measures the modulated intensity of light. The measured intensity

variation can be written similar to Eqn. (2):

I = I [(1 + a cos2A + P sin2A] (3)

The coefficients a and 0 of the above trigonometric functions are

obtained from Fourier analysis and the ellipsometric constants A

and ' can be expressed in terms of the Fourier coefficients as:

tan* = tanP 1 -+ (4
1a

coSA = A (5)
/ 1 -a 2
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An optical, fiber might be leaky in its depolarizing action,

that is, a small fraction of the linearly polarized light might

exist at the fiber bundle exit. Furthermore the polarization axis

might experience some amount of rotation while propagating through

the optical fiber. The electric field of this part of the linearly

polarized light, after making several reflections from the mirrors

and the grating inside the monochromator, can be found from the

following relationship:

Ef = Ezo~ -sin(F-A) cos(F-A)] 0-sinA cosA

[o M LO iL-(6)

p[r 0] rcosP -sinP [11
[ r. sinP cosP 110

Where M, and My are the reflection coefficients of the x and y

components of the electric field after the reflections from the

mirrors and the grating inside the monochromator. F is the rotation

angle of the linearly polarized light inside the optical fiber. The

coordinate system is chosen such that the electric field of the p-

wave vibrates along the x-axis, and that of the s-wave along the y-

axis. Eqn. (6) can then be written compactly as:

r-zCOS(F-A)1
Ef = E o [Msn(F-A)] (rPcosAcosP + r sinAsinP] (7)

Now, most of the linearly polarized light becomes unpolarized

at the output of the optical fiber, hence only a relatively small
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fraction of the linearly polarized light is assumed to propagate

through the optical fiber with a possible rotation of the

polarization axis. The total electric field at the photomultiplier

can be written as follows:

COSA + qMxcos (F-A)
Et Eot sinA - (;Mysin(F-A)i frpcosAcosP + r.sinAsinP] (8)

where q is the fraction of the electric field of the linearly

polarized light exiting the optical fiber. With this expression for

the electric field, the light intensity at the photomultiplier is

obtained from:

it = lot [ 1 + a cos2A + P sin2A I ( 1 - kcos2 (F-A) (9)
+ 2qRe(My)( cos(F-A)tan*,,cosA. - sin(F-A)

where

2 (tan 2*,V 
(10)

2 + (;2 (tan2*, + 1)

and Re (MY) is the real part of My and M.. = My tanV,, exp (iA.) . A

closer look at the Eqn. (9) reveals that the effects of the leaky

linear polarized light on the signal are twofold: i) the first

order harmonic of A, which has no direct ef f ect on a, 0 but

possibly has some effect via optical alignment, ii) the second

harmonic of A, which has a direct effect on the measured a, 0. The

latter term is linear in f. f is a positive quantity (jMjzjM..j)-

If 1MY1.1M.1 then ý is zero, meaning that the combined effect of the
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optical fiber and the monochromator is zero on a, P. Now since our

primary concern is with a and R, only the second order harmnonic

term of A inside the second bracket of the right hand side of the

Eqn. (9) is considered which yields for the intensity:

it = ot [1 + a2,cos2A + A 2mSin 2 A + a4cos4A + 34 .sin4A] (ii)

where a2., 02M, af4 and 94. in Eqn. (11) represents the measured

Fourier coefficients. The errors of the electronics which converts

the photo-current into the analog signal and those of the A/D

converter are not explicitly taken into account. A detailed

discussion about this latter issue can be found elsewhere.1 4' 5 ]

Comparing Eqn. (9) to Eqn. (11), the following relations between

(a2m,9 23 ) and (a,f3) are obtained:

a2, + kcos2F + _I 2 sin2F (P2,cos2F - a2Asin2F)
a 2 (12)

1 + -!k (a2,cos2F + f3Asin2F)
21+

.82A + ksin2 + _2 cos2F (a2,sin2F - I32cos2F)
1 =(13)

1 + -!k (a2,cos2F + f32sin2F)

Correction Terms

Two correction elements can be found in Eqns. (12) and (13):

and F. Although ý and F are the correction elements, ýcos2F and
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ksin2F are measured and used as the correction terms. kcos2F and

ksin2F can be measured at straight through operation (STO). If one

measures the ellipsometric constants at glancing incidence (the

angle of incidence = 900) without a sample, then both tan' and cosA

should be 1.0 (r,=r,) for an ideal system. Hence one can set a=cos2P

and O=sin2P (Eqns. (4) and (5)) for an ideal system at STO.

Implementing these conditions into Eqns. (12) and (13) and solving

for ýcos2F and 4sin2F yields the following expressions:

1.
-afto + cos2P + - sin2P (aftosin2P - P3,8 ocos2 P)

kcos2F = (14)
1 - (atocos2P + ,3osin2P)

1
-ito + sin2P - -1 cos2P (atosin2P - P,3 oCOS2 P)ksin2F 1= (15)

11- 2 (atocos2 P + 3,tosin2P)

Here P is the polarizer angle and a,=o and R,to are the STO-measured

Fourier coefficients of cos2A and sin2A, respectively.

Experimental Procedures,

The RA type SE system shown in Figure 1 has two arms that can

be rotated such that the angle of incidence can be changed from

-450 to 900. The angle of incidence can be read to the accuracy of

0.010. On one arm is a 75W high pressure Xe-arc lamp, a set of low

pass filters, an iris diaphram with an electrical shutter, a

focusing lens made of vitreous silica, and a calcite Glan-Taylor
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polarizer mounted on a manual rotator. The sample stage is at the

center of the main cody and the rotation axis of the two arms. On

the other arm, another Glan-Taylor polarizer is mounted on the

hollow axis of a rotating cylinder with an optical encoder (360

encndings/turn with TZ signal), an auto-collimating telescope, and

an optical fiber bundle. At the other end of the optical fiber is

attached a vitreous silica lens which collimates the output light

from the optical fiber onto the entrance slit of the monochromator

(0.25m) which has a triple grating turret. An end-on

photomultiplier tube is mounted at the exit slit of the

monochromator. The photocurrent from the photomultiplier tube is

fed into a current-to-voltage converter, an amplifier and a voltage

follower. Output from the voltage follower is directed to the

analog-digital converter and to the host computer. Most operations

of the SE system are carried out under computer control, such as

engaging the shutter on and off for the measurement of background,

which is substracted from the measured signal intensity at each

measurement, wavelenth scanning according to initial settings, and

adjusting the photomultiplier high voltage to keep the signal at a

constant level. Placing low-pass filters at lower photon energies

and changing polarizer angle when necessary are done manually. The

host computer is an IBM-PC compatable and the programs for data

collection are done with ASYST 4.0.

For conventional SE operation, calibration constants such as

the polarizer offset (P.) and analyzer offset (A.) values together

with the attenuation constant (n) are obtained using the procedure
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suggested by Aspnest4 1 , that is applicable to the present system

with some minor adjustments to implement the correction terms given

in Eqrs. (14) and (15). A description of the calibration. procedure

with adjustments for the correction terms follows. The data

measured at STO at several polarizer angles is used for the

calculation of the spectra of correction terms vs wavelength at

each polarizer angle according to Eqns. (14) and (15). For these

calculations approximate values of Po and A, are input. With this

correction term spectra, the experimental Fourier coefficients

(either a,•o and 0,o or am and 0.) are converted into a and 0 using

Eqns. (12) and (13). In addition to the well known residual

calibration method, another calibration method using the phase

information("' is also performed in the present work and from here

on is called an RAset method. It relies on the fact that the

relative position of the analyzer starting angle to the polarizer

zero point is fixed for a given hardware configuration of an RA

type SE system. Also, the analyzer phase angle, -(1/2)tan(P,to/a 8 ,to),

varies exactly the same amount as the change of the polarizer angle

at STO. In another words, there is a linear relation with slope=1.0

and an one-to-one correspondence between the polarizer angle and

the analyzer phase angle at STO. Since the slope(=l.0) and the y-

intersection are independent of sample alignment, this line of -

(1/2)tan(f.t,/a.,t) vs polarizer angle is adopted as a reference

phase line for the RAset method of phase calibration. Once this

reference line is available, the calibration constants are easily

obtained since one more phase line is obtained as a part of the
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residual calibration procedure. The intersection of that phase line

with this reference phase line will yield the two calibration

constants (Po, A.). The only requirement for the intersection

between two phase lines to exist is that the phase line with a

sample should not be parallel to the reference phase line, a

condition which is always satisfied (rp~r., with sample). This RAset

method not only shares the same complimentary properties as the

phase calibration when compared to the residual calibration but

also has the additional benefit that it does not require extra

measurements at around P=Po+90 for each calibration. The only

requirement is the STO measurement for the reference phase line.

Once this reference phase line is obtained, it can be used with any

phase line with a sample. Hence, while one does the residual

calibration, this phase calibration method can be done

simulataneously. Calibration constants are obtained both by the

residual calibration and by the RAset phase calibration, and are

plotted out versus wavelength. The programs regarding calibrations

and the following analyses were done with FORTRAN77.

For the spectrum, the intensity variation vs the rotating

analyzer is boxcar averaged over Nb mechnical turns of the rotating

analyzer. This boxcar averaging is repeated Nf times and the

Fourier coefficients are numerically filtered to remove erratic

spikes and then averaged to yield (a 2.,, 2m) at each wavelength. With

boxcar averaging and numerical filtering, it takes about an hour to

get a spectrum with -100 data points. Measurements and calibrations

are mostly done at 700 incident angle (except STO) using a gold
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film evaporated onto a glass slide or a bare c-Si wafer with native

oxide. The experimentally obtained (a2.,12.) are converted into (a,,)

and (A,O) using the calibration constants and the correction terms.

Correction Spectra

Spectra of the correction terms are calculated from the

experimental spectra of cto and 0,o according to Eqns. (14) and

(15). These correction terms will be zero for an ideal system, but

a small deviation from zero is expected for a real system. The

correction spectra are shown in Figures (2) and (3) for the present

RA type SE system which display a wavelength dependence as well as

a polarizer angle dependence. The spectra show two characteristic

features. One is that the overall features of 4cos2F and 4sin2F

remain the same, that is, the spectra remain parallel as the

polarizer angle is varied. Also, the magnitude of the spectra is

within a few percent. The rotation angle F is quite close to the

polarizer angle P and f is small. F=P+6P (6P=0.050) and ý=0.0299

are the best fit values to the correction specra. The finiteness of

6P indicates that the possible rotation of the polarization axis

inside the optical fiber is constant with respect to polarizer

position. Also the rotation of the polarizaton axis is quite small

(0.050). The magnitude of ý is about twice the residual at P.. One

realizes that the nonzero residual value originates from

attenuation by the electronic circuit, and one of the attenuation

effects on the Fourier coefficients (a and P) is the magnitude

-12-



change. This effect is corrected by multiplying the attenuation

factor (i/1) by the Fourier coefficients. The same effect of

attenuation when viewed in light of the present correction terms

are (4cos2F), =(l-n)cos2P/(l-n/2) and (4sin2F),=(l-•)sin2P/(l-?7/2).

Since the value of the attenuation factor n is 0.985 as measured by

the residual calibration, (4cos2F), = 0.0296cos2P and (4sin2F),

0.0296sin2P, respectively, which agrees well with the previous

result of 4=0.0299 and F=P+0.050 . Hence it is verified that the

correction to a and 3 according to the first feature observed in

Figures (2) and (3), the parallel shift, is the same as that by the

attenuation factor (n) correction in the residual calibration. The

other characteristic feature observed in Figures (2) and (3) is the

gradual change vs wavelength and a sharp dip (peak) centered around

640nm in the spectra of 4cos2F (4sin2F). This feature is due to the

grating (#1) inside the monochromator. When the second grating (#2)

which has a different blaze wavelength and a different number of

grooves/mm is used, a different feature is observed. This

characteristic feature due to the grating (#1) is extracted by

averaging the correctir- pectra 4cos2F and 4sin2F over all the

polarizer angles, respec.ively. The averaging process will cancel

out the correction components due to the first feature, since the

measurements are done over one optical cycle of the analyzer angle

in a uniform interval. The spectra of the correction terms

characteristic of the second feature are presented in Figure (4).

- 13-



Calibration constants

The spectra of P,, the polarizer offset and A,, the analyzer

offset obtained with a Au film, are shown in Figures (5) and (6).

It is interesting to compare the offset spectra by the two

different calibration methods (residual calibration vs RAset phase

calibration) and to see how these spectra change as the correction

terms are applied. Using the residual calibration, the polarizer

offset is almost constant with wavelength, and does not change

significantly after correction. The correcton procedure reduces the

scatter in the polarizer offset at longer wavelengths. However, P,

by the RAset phase calibration method gradually decreases as

wavelength increases, and the maximum variation is as much as

-1.30. This rather large variation of P0 almost disappears when the

correction terms are introduced, and the P0 spectrum becomes nearly

the same as that by residual calibration. On the other hand, A0 by

either calibration method shows a strong wavelength dependence

prior to correction. The maximum variation of A. is as much as

-1.3. The sharp dip around 640nm is also clearly observed. After

correction, A0 is rather flat and the dip at 640nm disappears,

showing the improvements made by the correction terms. It should be

mentioned that although the correction process removes most of

spectral dependence of the calibration constants, there still

remains some slight spectral dependence of Ak. This wavelength

dependence of the offset constants are a direct consequence of

several effects. Although the actual values of slope and y-

- 14-



intersection of the best fit line to (l/2)tan(6/a) vs polarizer

angle shows negligible scattering from the ideal values, and the

values of y-intersection show spectral behavior, this wavelength

dependence of the y-intersection is the origin of the offset

variation (Po and A,) vs wavelength. Since this wavelength

dependence of the y-intersection is greatly reduced after the

correction process, the same improvement in offset spectra is also

observed. Post-correction spectra of P0 and A0 could be fit to

straight lines. The best fit of P0 and A0 into straight lines gives

P0 = -0.237-0.00018X (0, X in nm), and A0 = -52.57-0.00075X (0, x

in nm), respectively.

The RA type SE with an optical fiber bundle detection system

has many advantages. One major drawback is from an incomplete

depolarization by the optical fiber, since the linear polarized

light after reflections by the mirrors and the grating inside the

monochromator, might alter the ellipsometric constants. The effect

of this residual linear polarized light is measured. The correction

is made via the introduction of the attenuation constant for the

electronic circuit and the correction terms for the optical fiber

bundle/grating. After the correction process, most of the spectral

variation of the calibration constants are removed. A slight

deviation from the ideal behavior, in the analyzer offset, Ao

implies that further work is required to completely solve this

problem.
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Figure captions

Figure 1. A schematic diagram of rotating analyzer spectroscopic

ellipsometer with a fiber optic detection system.

Figure 2. Spectra of the correction term ýcos2F at the polarizer

angles of 90(*), 75(m), 60(A), 45(0), 30(V), 15(*), 0(+), -15(0),

-30(v), -45(0), -60(A), and -75(0) degrees.

Figure 3. Spectra of the correction term esin2F at the polarizer

angles of 90(*), 75(m), 60(A), 45(0), 30(V), 15(W), 0(+), -15(0),

-30(v), -45(0), -60(A), and -75(0) degrees.

Figure 4. Spectra of the correction term fcos2F and ýcos2F due to

the grating #1.

Figure 5. Polarizer offset versus wavelength obtained with Au film,

with (W) and without (o:residual calibration, A:phase calibration)

corrections.

Figure 6. Analyzer offset versus wavelength obtained with Au film,

with (W) and without (o:residual calibration, A:phase calibration)

corrections.
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